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and liquid-phase crystallizations were employed in the clathration 
studies. 
and, desarption (mclusion and exclusion) characteristics of 
selected clathrates. Thermal regeneration of the clathrate was 
investigated et 8OoC (176OF) and 97OC (206.6OF). 
periment s were conducted to determine the dynamic adsorption 
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FXASIBILITY STUDY OF CLATXRATES FOR 
FOR CRRBON DIOXIDE OVAL 
en one or 
their formation. The encaged guest molecule is held stably by 
the host structure by virtue of its exact fit within the cavities 
of the host. The re1 se of the encapsulated guest and thus the 
regeneration of the h t clathrate involves considerable low 
energy in-put. Clathrate compounds consist of three classes of 
inclusion compounds viz., cage structures, layer complexes and 
tunnel structures. A number of candidate compounds selected from 
among the above mentioned three classes have been examined in 
this investigation for their regenerable CO2-occ1 
characteristics. Clathration reactions by solid- 
as well as by solution-phase crystallizations wer 
in this study. 
The objectives in this research were to determine whether 
clathration phenomenon could be utilized to obtain improvements 
in certain respects over the current regenerative C02 sorbers. 
Following are some of the important improvements that were 
considered desirable : (1) larger percent sorption of C02 , 
(2) lower energy requirements, ( 3 )  stability in cyclic operation, 
( 4 )  increased selectivity and (5) ease of handling. 
reported in the literature, no work appears to have been undertaken 
to maximize the encapsulation or optimize their preparation, 
In view of the potential of the clathration concept for 
re nment of C02, exploratory research has been 
un 
Although the preparation of a few 602-clathrates have been 
1 
co2 CL 
The criteria for their selection were (i) their reported (literature) 
tendency to form CO2-clathrates, (ii) possibility of achieving 
high weight-percen ges of C02 occlu n based on consi 
of the molecular weights of guest and host components and their 
"molar combining ratios", (iii) possibilities of incorporating 
"promotor" compounds and (iv) the ease of their availability and 
handling. Table 1 lists the selected compounds and their 
classifications. 
Tdble 1 
Clathrate-Hosts for C02-Encapsulation Studies 
Compounds 
Urea 
Thiourea 
Urea-hexamethylene- 
diamine 
droquinone-methanol 
Thorium, and Zirconium 
Classi f i cat ion 
Channel Structure 
Channel Structure 
Channel Structure 
Channel Structure 
Coordination Compound 
Layer Structure 
Feed Gas Composition. In order to simulate the conditions 
of space cabin environments, it was decided to use 0.5% and 1% 
CO mixtures which correspond to C02 partial pressures of 4 mm 
an2 8 mm of mercury respectively in all the clathration studies. 
A few experiments were carried out with 100% C02 gas. The total 
pressure was in all cases maintained at one atmosphere. 
Temperature of Reaction, A number of the clathration 
experiments were carried out at three different temperatures, 
i.e., -6OC. 6OC and 25OC. After discussing with Mr. Rex Martin 
2 
of NASA, Langley, it waa decided that a l l  further 
should be conducted at 25OC. 
arirnent s 
gxparimental Methods 
temperature during the period of equilibration. After equili- 
bration, samples were. withdrawn and analyzed for occluded C02. 
Most of the sorption experiments were done by using gas-flow 
method. 
Figure 1 shows the schematic of a simple apparatus which 
was constructed for gas-flow method of C02-uptake by clathrate- 
hosts. It consisted of a number of glass spiral or U-tubes 
of 5 mm internal diameter, each of which was connected to the 
mainstream of the influent C02-air mixture through appropriate 
ball and socket joint connectors. The gas-flow velocity was 
measured at the end of each spiral tube with a detachable flow 
meter. The entire gas-flow adsorption unit consisting of four 
separate spiral tubes was then thermostated at the desired 
temperatures. Each of the spiral tubes was filled with the 
clathrate-host compound under consideration and the C02-air 
mixture passed at the desired velocity for the given duration 
of the experiment. It should be noted that this gas-flow unit 
is simple and easily adaptable to a number of experimental 
modifications such as temperature variations and continuous 
monitoring of the effluent gases from the individual spiral tubes 
containing different clathrate systems. 
were f each solid-gas reaction experiment 
and were analyzed by means of gas chromatographic and gravimetric 
methods. 
Initially, a Burrell chromatographic equipment with thermi- 
onic emission detector was employed for the analysis. A 
stainless steel column, 20 ft x 1/8 in., packed with silica gel 
was used for the separation. Helium was the carrier gas and was 
run at a flow rate of 15 ml/minute. At this flow rate and at a 
Samples of the C02-clathrate compounds 
3 
4 
where 
s =  m 
the solid CO 'clathrate samples were inserted into a sample with 
a by-pass whzch allowed the carrier gas to go through the bypass 
loop, or through sample loop. Samples of 3 to 5 mg of C02- 
clathrates were weighed out on a small piece of aluminum foil, 
wrapped up tightly and then forced into the sample loop. 
sample loop was then sealed, flushed with carrier gas and then 
heated to 15O-16O0C to release the occluded C02 from the 
clathrate crystals. The carbon dioxide peak was recorded. The 
area under this peak was compared with the calibration chart in 
order to estimate the amount occluded by the clathrate. During 
the latter portion of this research contract a Varian Aerograph 
(1800 series) instrument with thermal conductivity detector was 
used. C02 clathrate samples were pyrolyzed in order to desorb 
the occluded C02 for gas chromatographic analysis. Some of the 
details of the gas chromatographic operations are given below: 
The 
Column: Porapak Q; 6' x 1/4" 
Column temperature: 65OC 
Injector temperature: 165OC 
Detector temperature: 170 OC 
Inductor temperature: 150 OC and 80 OC 
Carrier gas: Helium 
Flow of carrier gas: 60 ml/min 
In the C02-sorption-desorption profile studies, effluent gas 
samples were withdrawn at regular intervals and were analyzed 
r their C02 content by the Varian Aerograph instrument. 
was found to be rapid and reproducible. 
5 
Clathration of C02 by Batchwise Equilibration 
A few experiments were carried out in which the possible 
and thiourea-cyclohexylamine clathrates show detectable bdsorption 
of C02 at -6OC. In this preliminary series of experiments, the 
observed value of 2.6% (by weight) adsorptionof C02 by urea- 
hexamethylenediamine (HMDA) falls far below the expected 
hypothetical values which are calculated on the basis of an 
assumed ratio of 1:3 for C02 host molecules. It should be 
pointed out that the equilibration procedure adopted in the 
current series is by no means the most effective one for C02- 
sorption. An alternative method of passing the gas through glass 
spiral or U-tube packed with the clathrate host (Figure 1) was 
adopted for the rest of the occlusion studies. More intimate 
and effective contact is made between the reactants, in this 
technique. The results observed in the equilibration method 
could at best be taken as a strong qualitative tendency exhibited 
by the clathrate host for the*uptake of C02" Table 2 illustrates 
the results of gas-solid interaction experiments of clathrate 
hosts with pure carbon dioxide at 25OC and 6OC. The urea- 
hexamethylene-diamine clathrate shows significant uptake of C02 
relative to the other host compounds. 
Clathration of C02 by Gas-Flow Method 
By using 1% and 0.5% C02-air mixtures as the influent feed 
gases, the C02 occlusion characteristics of the clathrate host 
compounds were investigated in separate series of experiments. 
In both these series of experiments, the influent gas was passed 
through CaC12-tube prior to reaction with the clathrate-formers. 
In the case of 1% C02 feed, experiments were carried out at -6, 
6 and 25OC and in the case of 0.5% the uptake experiments were 
done at 6 and 25OC. In each case the reaction consisted in 
passing the influent gas through each clathrate-host (about 6 g) 
from 1% C02 feed experiments are presented in Table 3 and those 
obtained from the 0.5% C02 feed experiments are given in Table 4, 
Consideration of the results of the 1% C02 influent experi- 
ments indicates that urea and urea-n-hexylamine systms gave the 
largest C02-uptake values (viz ., I 7.6 and 9 6% respectively) among 
6 
7 
Table 3 
Clathrate Hosts 
Hydroquinone 
Urea 
Thiourea 
Tetra (4-methyl -pyridine) 
Ni (11) -dithiocyanate 
Urea--hexamethylenedi amine 
Urea-n-hexylamine 
Thiourea-cyclohexylamine 
3.1 1.4* 1.3 
3.3 5.5, 6.4" 7.4 
4.7 2.7* 3.0 
3.8 2.8, 6.6* 1.7 
6.0 2.6, 2.9 2.8 
5.8 2.6, 2.9 9.6 
3.4 2.7, 3.0 6.9 
* 
Reaction t i m e  = 24 hrs Flow rate = 80 cc/min. 
8 
Adsorption of Carbon Dioxide by C lathration 
Influent gas = 0.5% CO : rest = air; 
reaction time = 6 hrs: f i ow = 10 ml/min. 
Urea 
Thiourea 
Hydroquinone 
Tetra ( 4 -met hylpyr idi no) 
Ni (TI) -dithiocyanate 
Urea-hexamethylensdiamine 
Urea-n-hexylamine 
Thiourea cyclohexylamine 
Wydroquinone-methanol 
F 2 
7.2 2.9 
3.5 1.7 
3.9 3.2 
1.9 2.9 
6.5 4.1 
7.1 5.3 
11.9 2.2 
2.9 3.5 
9 
t h e  c l s t h r a t  es examined . Thiourea and t h i o u r e a - c y c l ~ h e x y l ~ m i n e  
have shown 3.0 and 6.9% CO2-uptake. The hydroquinone system i s  
found t o  be r e l a t i v e l y  1 
t ioned  t h a t  t h e  percent  
t h iou rea  gave only 3.5% uptake i n  t h e  absence of any amine. I t  
should be noted t h a t  no attempt is made a t  p re sen t  t o  r a t i o n a l i z e  
any t r e n d s  i n  t h e  C02-uptake c h a r a c t e r i s t i c s  of t h e  c l a t h r a t e s  
as a func t ion  of temperature,  s i n c e  the s e v e r a l  important var- 
i a b l e s  t h a t  a f f e c t  t h e  gas-sol id  r e a c t i o n s  a r e  not being examiried 
i n  t h i s  study. However, t h e  s i g n i f i c a n t  observa t ion  t h a t  emanates 
from t h e  p re sen t  f e a s i b i l i t y  s tudy i s  t h a t  bo th  urea  and t h i o u r e a  
exh ib i t  r e l a t i v e l y  s a t i s f a c t o r y  adsorp t ion  char  ac t e r i z  t ics  f o r  
C 0 2  from 0.5 and 1.0% C 0 2  feed  gas. 
Adsorption of C 0 2  by Metal ilydrous Oxides 
S ince  m e t a l  hydrous oxides  can be considered a s  belonging 
t o  t h e  class of i n c l u s i o n  compounds w i t h  l a y e r  s t r u c t u r e s f  a f e w  
of these compounds w e r e  examined f o r  t h e i r  Co2-uptake p r o p e r t i e s .  
Thorium, zirconium and lanthanum hydrous oxides  wzrs t e s t e d  13 
t h i s  series by using 1% C02--air mixtrrre as t h e  feed.  The metal  
hydrous oxides  w e r e  p r e c i p i t a t e d  by r e a c t i n g  t h e  r e s p e c t i v e  
n i t r a t e s  wi th  ammonium hydroxifie- The p r e c i p i t a t e s  were t h e n  
washed f r e e  of ammonia and d r i e d  a t  90DC. The d r i e d  hydrous 
oxides  w e r e  t h e n  a c t i v a t e d  by vacuum drying a t  90-130°C. Sampfes 
of t h e  hydrous oxides  of thorium, thorium-calciim, lanthanum and 
zirconium-calcium thus  prepared w e r e  t hen  loaded i n t o  t h e  reac t ion-  
s p i r a l  tubes .  The i n f l u e n t  gas conta in ing  l'g C 0 2  was t hen  passod 
through them a t  a flow ra te  of 10 rnl/minute for 6 hours. Values  
of percent  uptake of C02  w e r e  t h e n  determined g r a v i m e t r i c a l l y  and 
t h e  r e s u l t s  are presented i:, Table 5. Considerat ion of t h e  d a t a  
i n d i c a t e s  t h a t  whereas thorium shows t h e  l a r g e s t  percent  adsorp t ion  
a t  -6°C)  t h e  adsorp t ion  va lue  obtained a t  room temperature  w a s  t h e  
l a r g e s t  f o r  zirconium-calcium hydrous oxide.  The d a t a  i n d i c a t e s  
t h a t  thorium, 1anthail;m and thorium-calcium hydrous oxides  show 
a decreas ing  t r end  i n  t h e i r  C02-adsorption w i t h  i nc reas ing  tun- 
10 
Table 5 
Percent  A d s  
Thorium hydrous oxide 5.4  3.5 2.5 
Thorium-calcium 
hydrous? oxide 3.2 1.8 2.5 
Lanthanum -hydrous oxide 4.2 2.4 2.7 
Zi r coni urn- cal c i  urn 
' hydrous oxide 3.6 3.7 3.8 
Adsorption of C 0 2  by Clathrate-Hosts i n  Presence of Moisture 
considered necessary t o  evaluate the e f fec t  of the presence of 
moisture i n  the feed gas on the CO -occlusion character is t ics  
of the selected clathrate  hosts. 
zeo l i te  which is one of the best among the previously reported 
C02-adsorbent is known t o  require a predrying step. 
Even i n  t h i s  type of preliminary feas ib i l i ty  study, it was 
a yn the t i c  sodium alumino- 
11 
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feed ,  however, t h e  va lues  of C02-adsorption i n  t h e  presence  
of mois ture  are somewhat sma l l e r  t h a n  i n  t h e  absence of mois  
Urea and urea-amine c l a t h r a t e s  have shown CO2-uptake va lues  
3.8 t o  5.3%. I n  cons ide ra t ion  of t h e  r e s u l t s  of t h e  t w o  sex 
obtained from t h e s e  s t u d i e s  are presented  i n  Table  7. Cons3  
e r a t i o n  of t h e  d a t a  i n  Table 7 i n d i c a t e s  t h a t  a l though thor :  
hydrous oxide  showed t h e  h ighes t  percent  of C02-adsorption : 
t h e  absence of mois ture  among t h e  hydrous oxides  examinedo : 
showed less t h a n  1% adsorp t ion  i n  t h e  presence  of moisture .  
Zirconium and zirconium-calcium hydrous oxides  showed s a t i s :  
t o r y  CO2-adsorption c h a r a c t e r i s t i c s  ( 2 . 8  t o  4.4%) i n  t h e  prl 
sence of moisture .  Fu r the r  d e t a i l e d  and sys temat ic  s t u d i e s  
are necessary b e f o r e  any conclus ions  regard ing  t h e  C02-adso: 
t i o n  c h a r a c t e r i s t i c s  of t h e  d i f f e r e n t  hydrous oxides  can be 
a r r i v e d  a t .  
S o l u t  ion-Phase C r y s t a l l i z a t i o n  Method 
This  method, i n  g e n e r a l ,  c o n s i s t s  i n  i n t e r a c t i n g  t h e  
gues t  component w i th  a s o l u t i o n  of t h e  h c s t  i n  a p p r o p r i a t e  
so lven t  and al lowing t h e  s o l i d  c l a t h r a t e  compounds t o  sepa r  
o u t .  I n  t h e  p r e s e n t  s t u d i e s ,  gaseous C 0 2  (0.5% and 1% mixt 
was bubbled through a s a t u r a t e d  s o l u t i o n  ( a t  room temperatu 
of t h e  h o s t s  v i z . ,  hydroquinone, u rea ,  t h iou rea ,  m e t a l  che l  
and t h e  promotor conta in ing  c l a t h r a t e  h o s t s  i n  methanol. T 
r e a c t i o n  w a s  allowed t o  t a k e  p l a c e  a t  atmospheric p r e s s u r e  
f o r  30-minute pe r iods .  A t  t h i s  t i m e  c l a t h r a t e  c r y s t a l s  s t a  
appearing. They w e r e  t h e n  f i l t e r e d  and d r i e d  under mild s u  
The C02-c la thra tes  t hus  obta ined  w e r e  analyzed by t h e  gravi 
method. D a t a  ob ta ined  from t h e s e  s t u d i e s  are presented  i n  
Table  8. I n  gene ra l ,  t h e  d a t a  do not  i n d i c a t e  any s i g n i f i c a  
i n c r e a s e s  i n  t h e  adso rp t ion  of CO2 by t h e  c l a t h r a t e  h o s t s  i 
going f r o m  a 0.5% t o  1.0% C 0 2  mixture.  I n  t h e  cases of hyd 
quinone, u rea  and th iou rea ,  a smaller C02-uptake w a s  obsert 
with 1% C 0 2  mixture  than  wi th  0.5% C02.  N o  conclusions ca r  
j u s t i f i a b l y  be drawn from t h e s e  pre l iminary  d a t a  regard ing  
a i r  mixture  on  t h e  percent  
sts. Urea shows 1.9 t o  3.0% a 
ce of any promotor amine. Th 
promotor a m i  es not appear t o  b r i n g  about 
s o r p t i o n  chara  
P 
9) 
2 
IU 
E 
. I  
. 
0 
0 
e 
(v 
s o  
0 0  
m o l  m x m  
hl 
0 u u 
X O  
mu3 
d I  
e 
hl 
. 
N 
4 
* 
rf 
rl 
0 
N 
b 
m 
e 
a, a 
4 
2 
2 
5 
2 
VI 
3 
0 
k a 
c 
u c m 
Gl 
a, 
(v 
e 
03 
0 
e 
I 
I 
I 
I 
I 
I 
a, a 
TI 
8 
70 
2 
3 
VI 
k a 
*rl 
c 
0 u 
k 
*rl 
N 
14 
15 
is 
and 
efficient adaptat ion in the space cabin environments . 
RgGEMISRATION CHARACTERISTICS OF SF,LBCTED C02 CLATHRATES 
gas was allowe 
C02 may be. carried away from the system effectively, Heating 
was carried out for different periods and samples of the 
l'decomposed81 clathrates drawn for analysis. The samples were 
analyzed by gas chromatographic methods using thermal conduc- 
tivity detector. 
experiments of urea-hexamethylenediamine clathrate at two 
different temperatures are shown in Table 9, The C02 content 
of clathrate at the end of 2-hour, 5-hour and 6-hour periods 
were then determined (Table 9). These preliminary data indi- 
cate that 2-hour heating at 97OC results in the expulsion of 
more than SO% of the occluded C02 and at the end of 5 hours, 
the exclusion of C02 is nearly complete. The release of C02 
has thus taken place without the melting of the clathrate. 
It should be pointed out that the optimization of the experi- 
mental conditions for the C02 release has not been attempted. 
The present preliminary study has only indicated that it is 
possible to release the occluded C02 much below the melting 
point of the clathrate, Results of thermal decomposition 
experiments at 8OoC have indicated that after 6 hours the C02 
emtents of the clathrates have been brought down to 0-7 to 
1,9%, However, the increased C02 cohtent of the clathrate 
a^F::.es a 2-hour heating over their initial C02 content is 
ananrolous, The reasons for such anamolous behavior and the 
mechanism of the the cornposit ion can be ascertained 
only by detailed and tic studies in a future program 
Data obtained from thermal decomposition 
16 
Table 9 
C02 Content 
% 
7.8 8.2 0.6 3 .3  0 
6.0 9.1 ( ? I .  2.0 2.9 0 
7.6 9.6 (?) 0.9 - - 
cansidered desirable to carry out some profile studies on 
the adsorption and release of CO2 by any selected clathrate hosts. 
The experimental technique for the study of the uptake pro- 
file consisted of passing the pre-moisturized C02-mixture 
(0.5% 602) through the clathrate host (ure.a-hexamethylenedi- 
amine) contained in a glass U-tube (Figure 1) at 50 ml and 
100 ml/minute f law.  rates and at 25OC. The effluent gas 
emanating from the clathrate-containing tube was then sampled 
at periodic intervals of 15 minutes or less and analyzed by 
means of gas chromatographic technique using Varian Aerograph 
(1800 series) instrument with thermal condutivity detector. 
Figure 2 represents a typical gas chromatographic plot of 
C02 of effluent samples fromadsorptionprofile study. C02- 
contents of the effluent gas samples were then computed. 
The CO2-adsorption profile was traced by plotting the C02 contents 
of the effluent gases as a function of time. In order to 
investigate the C02-desorption profile the COpcontaining 
clathrate from the adsorption-profile experiment was heated in a 
thermostated bath. Nitrogen was passed through the clathrate 
in order to flush the excluded C02. 
the clathrate was then sampled periodically and analyzed gas 
chromatographically. 
The effluent gas from 
ption profile 
17 
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I n  t h e  second exper iment  t h e  C 0 2  adsorp t ion  p r o f i l e  of t h e  
urea-hexamothylenediamine c l a t h r a t e  w a s  i n v e s t i g a t e d  a t  a flow 
ra te  of 50 ml/minute using 0.5% C 0 2  gas as t h e  i n f l u e n t  feed.  
F igu re  4 i l l u s t r a t e s  t h e  d a t a  obta ined  from t h i s  experiment. 
N o  C 0 2  w a s  de t ec t ed  during t h e  f i r s t  6-hour per iod .  The appearance 
of C 0 2  i n  t h e  e f f l u e n t  showed a gradual  i n c r e a s e  and it  reached 
a s loping  s t e a d y - s t a t e  reg ion  between e igh t  and n ine  hours of 
s o r p t i o n  run. The C 0 2  content  of t h e  e f f l u e n t  a t  t h i s  steady- 
state reg ion  was 0.2 t o  0.25%. A cons tan t  va lue  of 0.35% C 0 2  
w a s  a t t a i n e d  a f t e r  about 10 hours of passing.  
i n  o rde r  t o  check t h e  r e p r o d u c i b i l i t y  and also t o  fol low i t  up 
with a C02-exclusion p r o f i l e  study. This  experiment  was run  f o r  
nea r ly  4-1/2 hours (See F igure  5 ) .  Measureable CG2 s t a r t e d  
appearing only  a t  t h e  end of ab0:i.t 2 hours. A f t e r  about 3 hours 
15 minu tes I  a sharp  i n c r e a s e  i n  t h e  e f f l u e n t  6 0 2  content  (0.33% 
C02) was observed. 
a t  about 4 hours. T h e  co2-sorbed c l a t h r a t e  was subsequently 
heated a t  80" t o  release t h e  C02.  Nitrogen w a s  passed a t  8 ml/ 
minute. A t y p i c a l  gas chromatographic p l o t  of t h e  e f f l u e n t s  
from C02-exclusion p r o f i l e  experiment i s  i l l u s t r a t e d  i n  F igu re  5 .  
The e f f l u e n t  p r o f i l e  (see F igure  7) shows t h a t  a va lue  of 0.85- 
0.87% C 0 2  i n  t h e  e f f l u e n t  stream was a t t a i n e d  a f t e r  about 7 
minutes of heat ing.  The CO2-content of: t h e  e f f l u e n t  tapered 
off t o  a va lue  of 0.03% i n  less than  1 hour. The at ta inment  
of C 0 2  conten ts  such as 0.86-0.87% i n  t h e  e f f l u e n t s  r e l a t i v e  
t o  t h e  0.5 C 0 2  content  of t h e  i n f l u e n t  gas i s  i n d i c a t i v e  of the 
occurrence of a chromatographic banding effect on t h e  columns. 
C a r r i e r  gas flow rates of 10 ml/minute and above r e s u l t e d  i n  
An a l t e r n a t e  adsorp t ion  p r o f i l e  experiment w a s  c a r r i e d  o u t  
A s t eady- s t a t e  va lue  of 0.38% C 0 2  was reached 
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2 5  
i n d i c a t e  q u a l i t a t i v e l y  t h e  p o t e n t i a l  a p p l i c a t i o n  of t h e  
c l a t h r a t e  system f o r  r egene ra t ive  removal of carbon dioxide.  
CONCLUSIONS 
Resul t s  of t h e  f e a s i b i l i t y  s tudy have ind ica t ed  t h a t  
among the candida te  c l a th ra t e -hos t  compounds exaiiiined, urea,  
t i o u r e a ,  urea-hexamethylenedismine, urea-n-h ylamine and 
t h i o u r e a - c y c l o h e x y l a i  n e  are s a k i  sf ac to ry  . ey have shown 
C 0 2  adsorp t ion  vallxes of 7% t o  10% (by weight) a t  25OC from 
predr ied  feed gases of 0.5% and 1% CO2. I n  t h e  presence of 
mois ture  t h e  adsorp t ion  va lues  a r e  i n  t h e  range of 4 t o  5% 
(by weight) . The CO2--adsorption c h a r a c t e r i s t i c s  of t h e  hydrous 
oxides of thorium, zirconixm and lanthanum ( l a y e r - s t r u c t u r e d  
c l a t h r a t e s )  have been examined. They have shown ~02-adso rp t ion  
of 4.5% t o  6.0% (by weight) .  Experiments on t h e  e l a t h r a c i o n  
quid-phase c r y s t a l l i z a t i o n  procedure gave re- 
r r e s u l t s  v i z . ,  2.0% t o  3.0% by weight. 
Regeneration of t h e  CO2 occluded u rea -~ex~~e thy lened i3mine  
c l a t h r a t e  has been attempted by t h e  thermal decomposition method 
a t  80--9’?9C and a t  atmospheric pressure .  I n  t h i s  pre l iminary  
experirnent, a nea r ly  complete exclusion of CO;! has been a 
i n  about 6 hours. It i s  f e l t  t h a t  m o r e  d e t a i l e d  and s y s t  
eriments are reqxi red  i n  o rde r  t o  opt imize  CO2--excl-~sion from 
c l a t h r a t e s .  
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SUMMARY 
dies were undertaken i n  order t o  
of us  c l a t h r a t i o n  phenomenan for t h e  r 
of carbon d i  i d e  from space cab in  environments Prel iminary 
c l a t h r a t i o n  experiments w e r e  conducted w i t h  a number of selected 
c l a th ra t e -hos t  compounds us ing  0.5% and 1% CO;? as feed gases.  
Both gas-solid and solution-phas e c r y s t  a1 l i z a t  i o n  methods w e r e  
employed i n  t h e  pre l iminary  c l a t h r a t i o n  s t u d i e s ,  Among t h e  
c la thrate  host compounds examined, urea,  t h iou rea ,  urea- 
hexamet hyl  enedi amine , urea-n-hexyl amine, t h iou r  ea-cyclohexglamine 
en  found t o  be s a t i s f a c t o r y  clathrate-formers with 
l u s i o n  va lues  of 7% t o  10% (by weight) a t  2 5 O  from 
feed gases having 4 mm and 8 mm p a r t i a l  pr u r e s  of C02. 
I n  t h e  presence of moisture ,  t h e  c l a th ra t e -hos t s  showed 4-6% 
(by weight) of CO2-adsorption. Hydrous oxides  of thorium, 
zirconium and 1antham.lm were found t o  exhibit 4.5 t o  6.0% 
(by weight) adsorp t ion  of C02 under t h e  above condi t ions .  
C l a t h r a t i o n  experiments by t h e  solut ion-phase c r y s t a l l i z a -  
t i o n  method yielded r e l a t i v e l y  lower adsorp t ion  (2.0 t o  3.0% 
by weight) of C02.  
The dynamic adsorpt ion-deaorpt ion c h a r a c t e r i s t i c s  of 
A t  a 50 ml/minute 
hrate showed a C02 pick-up va lue  of 
t h e  compound a t  breakthrough point.  When t h e  
s increased  t o  100 ml/min, a C02 pick-up va lue  
selected c l a t h r a t e s  were inves t iga t ed .  
flow rate of t h e  i n f l u e n t  gas (0.5% C02) , urea-h 
was obtained. Regeneration of 
ga ted  a t  8 0 ° C  and 
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ermal methods. 
However, a 
considerable amount of systematic work to develop a 
reproducible clathrate system. 
approach for the regenerative removal of C02, the following 
program of research is outlined: 
In order to explore fully the potential of the clathration 
1. Developmental research on the clathration of C02 by 
urea and related compounds. 
2. Thermal decomposition characteristics of C02-clathrates. 
3 .  C02-adsorption-desorption profiles of the clathratese 
4. Improvements in the application of synthetic zeolites 
and organic ion exchangers for reversible C02-adsorption. 
5. Considerations of power requirements. 
Details of the proposed research are delineated briefly below: 
1. Clathration of C02 --- 
a. Urea and related compounds 
Systematic studies will be undertaken for the reversible 
clathration of C02 by means of the host compounds which were 
found promising in our earlier feasibility study. Promoter 
thus some new c 
I I T  R E S E A R C H  I N S T I T U T E  
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On the basis of results obtained in 1 and 2 above, selection 
of clathrate host composition and useful range of experimental 
conditions will be made for the dynamic profile study. The 
adsorption-desorption profiles of the selected clathrate 
compounds will be investigated under conditions of (a) different 
CO2-feed gas concentrations (b) gas flow velocities (c) moisture 
content of the feed gas (d) ratios of diameter to length of 
clathrate beds and (e) temperature. 
of the selected clathrate systems will be investigated. These 
studies wil1,provide important data that are useful for the 
evaluation of power requirements. 
In this phase, the regeneration and recycling characteristics 
4. DeveloDmental Work on Ion Exchanaers and Molecular Sieves 
In the course of my discussions with Mr. Rex Martin at NASA 
Langley on March 5, 1969, possible improvements in the existing 
CO2-sorbers viz.@ molecular sieves and organic anion exchangers 
were considered. It was felt that investigations could be 
undertaken that would involve the preparation of appropriately 
doped molecular sieve material and studying its C02-adsorbing 
properties. Alternately, several methods of pretreatment of the 
molecular sieve should be investigated and then their COpsorbing 
properties examined. The possibility of CO2-adsorption by weakly 
basic anion exchangers should be explored in the absence of moisture. 
In addition to pretreatments, the possibility of restructuring of 
the polymeric base exchanger should be explored. This phase of 
the work will be planned in consultation with the sponsor- 
1 I T  R E S E A R C H  I N S T I T U T E  
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For any one or more of the finally-selected clathrate 
to make a prelimi 
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